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FOREWORD

The data contained herein are furnished in response to Air Force Flight

Dynamics Laboratory, Air Force Aeronautical Systems Division Contract

F33615-79-C-3029, "Peripheral Jet Air Cushion Landing System (PJ-ACLS) -

Spanloader Aircraft," Project 2404, Task 01, July thru December 1979. The

technical response is contained within two volumes. Volume I was prepared

In direct response to the required contractual effort and contains the basic PJ-

ACLS sizing and performance evaluation. Appendix B data of Volume I are

directed to the expansion of the available PJ-ACLS stability and control data

base and It is noted that these data were prepared under current Lockheed

in-house technology development activities. Volume 11 data are the output

of a computerized peripheral jet air cushion landing system performance

program.

The Air Force program manager of the PJ -ACLS study was Dr. Squire Brown
(AFFDL/FXB). The Lockheed effort was under the direction of J. W. Moore.

Those persons directly responsible for the analysis and results contained within

Volumes I and II are L. Barnett, B. T. Farmer, E. E. McBride, B. I. Reynolds,
and R. E. Stephens.

Program management of the PJ-ACLS study resides in the Advanced Concepts

Department, R. H. Lange, Manager, of the Lockheed-Georgia Advanced

Design Division, Marietta, Georgia.
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t " jet thickness, ft

e = let too-in angle, positive Into cushion-degrees

P p•cavity pressure, pFfg

P1  jet pressure, psfg

PF " fan pressure, psfg
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0 atmospheric density ratio P/Po

L * rolling moment, ft. lb. (Appendix B only)

L total cushion lift or load, lb.

A0  
cushion area, ft2

J o jet momentum flux, lb.
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A thrust augmentation ratio (L/J)

l- et air flow required per semispan, ft3/Sec

QF fan airflow per fan, ft3/min.

S peripheral length of jict, ft.

N fan tip speed - rpm

W or gros weight - lb.
GW

SA = wing sweep angle - degrees

I " cushion length - ft.
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LIST OF SYMBOLS I
h = main gear height - ft.

h = cushion height @ mid span - ft.
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Fc * cushion support force, lb.

Jor- total tet reaction, lb.

J forward or aft tet reaction, lb.

r/ l jet thickness factor

M pitching moment, ft. lb.
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Sx x dimension of cushion, feet

Sy = y dimension of cushion, feet
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80 W Incremental change in jet inclination angle, degree

. .. ........... ..



LIST OF SYMBOLS
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1.0 INTRODUCTION

Recently completed AFFDL N4'# Strategic Airlift Concept (t ,C) studies have indicated

'hat militarl transports of the span-distributed load type gave lowest life cycle costs among

a numbor of other advanced -technology transports performing the tame rmission. However,

a problem area in the operation of these span-distributed load transports is the requirement

for a wide-tread landing gear which exceeds the width of runways and taxiways at most air-

ports. As the originator of the Spanloader design concept in 1969, the Lockheed-Georgia

Company attempted to solve the airport problem by use of a pressurized, trunk-type, air-

cushi* landing system (ACLS) on its aircraft employing ACLS tehnology of that time

period. The recent results of the NSAC studies favoring the use of span-distributed load

transports provide justification for the re-evaluation of these aircraft with new approaches

for a peripheral-let, air-cushion landing system (PJ-ACLS).

This report presents the results of a feasibility study of the application of a PJ-ACLS to a

spanloader aircraft. A single spanloader configuration defined by a previous Lockheed/

NASA study (ReWerence 1) is used as the baseline aircraft to which t1 e PJ-ACLS is applied.

The scope of the study does not allow for the reoptimization of spanloader characteristics for

Improved compatibility with the use of the PJ-ACLS. However, where it Is determined that

overall system Integration can possibly be improved by sponloader characteristic changes,

recommendations are made for future analysis.

The study includes the development of theoretical methods required to define static hover

performance in terms of parametric relationships; integration of the PJ -ACLS into the base-

line spanloader aircraft with the PJ-ACLS configuration being selected on the basis of

minimum total aircraft weight, and a limited dynamic analysis of the PJ-ACLS spanloader

aircraft while operating on the air cushion. Stability and control analyses are also per-

formed both from a theoretical viewpoint, see Appendix B, and for tho point design acircraft

which incorporates the selected cushion configuration.

• .. ;• .* • .- : ., , . m . .*



2.0 SPANLOADER AIRCRAFT

The Spanloader aircraft from which the PJ-ACLS baseline. configuration is derived is shown

on Figure 1 . This aircraft was developed by Lockheed for the NASA and Is defined by Ref-

erence 1 . The gross weight given by Reference 1 for the final Spanloader configuration is

1,543,266 pounds. Its gross weight as used by this study Is redefined as 1,498,000 pounds.

This Improvement results from replacing the STF429 engine with the STF477 engine which

has a lower fuel consumption rate. Those weight items significant to PJ-ACLS study for

this Sponloader configuration are as follows:

WEIGHT SUMMARY - LB
NASA SPANLOADER

I temr Weight

Structure 405r096

Wing 241,599
Landing Gear 58,111
Other 105,386

Propulsion System 72,060

Systems & Equipment 47,r510

Weight Empty 524,666

Operating Weight 540,204

Payload 600,000

Zero Fuel Weight 1,140,204

Fuel 358,045

Gross Weight 1,498,249

Inherent In the design optimization of a wing span distributed load (spanloader) aircraft Is

the lack of ground operation down bending load reaction capability of the wing structure.

Cruise flight up bending load relief is provded by the payload being distributed over the

wing span. When the wing structure, is optimized for thi4 condition the structure becomes

down bending critical during ground operations unless auxiliary support is provided by a

landing gear with reactions distributed over a large portion of the wing span. This wide

2
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tread landing gear limits the operational capability of the aircraft as the tread width ex-

coeds the runway or taxiway widths at most airports.

The wing weight given is based on having a main landing gear consisting of four bogies

distributed across the wing span. The tread width of the outer two bogies Is 218 feet.
This wide tread gear reacts the negative loads realized during ground operations, thus

allowing the wing weight to be optimized for the cruise flight condition.

In order to satisfy the installation requirements of the PJ-ACLS, a number of additional
modifications to the Sponlooder are required. These modifications are described In the

following report section, however, it is noted that aircraft characteristics such as wing

sweep, aspect ratio, or airfoil shape are not reoptimized to meet PJ-ACLS needs.

3.0 PJ-ACLS SPANLOADER CONFIGURATION CONCEPT

The objective of the PJ-ACLS Spanloader aircraft is to provide a configuration concept

which Is compatible with existing runways and taxiways but retain the advantage of the

lower wing weights which result from span distributed load type aircraft. To accomplish

this objective the following study steps are performed:

1) A revised Spanloader configuration, Identified as the PJ -ACLS baseline

Spanloader, is defined. Modlflicatons to the NASA Spanloader Include

relocating the prime propulsive engines to the wing upper surface, re-

ducing landing gear height to a minimum installation height, redesigning

the canard surface for Improved lift characteristics, reducing the main

gear tread width to 75 feet, and increasing the wing structural wlught to

provide structural capability to react 29 negative loads. This configura-

toan is Illustrated on Figure 2. Additional configuration details are shown

on Figures 3 through 6. Zero fuel weight and gross weight are held con-

stant with the Increase in wing weight reducing design payload by a

corresponding value as shown in the following weight summary:

4,
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WEIGHT SUMMARY - LB

PJ-ACLS BASELINE SPANLOADER

Itemr Weight

Structure 456,769

Wing 293,272
Landing Gear 58,111
Other 105,386

Propulsion System 72,060

Systems & Equipment 47,510

Weight Empty 576,339

Operating Weight 591,877

Payload 548,327

Zero Fuel Weight 1,140,204

Fuel 358,045

Gross Weight 1,498,249

2) Various PJ-cushion lift and configuration combinations are Incorporated Into the

baseline to provide wing down bending relief and thereby reduce wing structural

weight. The removal of this structural weight requires the addition of a wing tip

gear to provide wing support for the static (cuthion power off) condition. The

identifiable tradeoff then becomes one of added PJ -cushion system weight vs

reduced wing weight. The parametric procedure used to perform this tradeoff

Is described In report section 4.0.

3.1 CUSHION AIR SUPPLY SYSTEM DESCRIPTION

The peripheral let airflow requirecd to pressurize the air cushions is provided by centrifugal

fans located within the wing leading and trailing edge cavities just fore and aft of each

cushion as shown on Figure 7. Within each cavity the fan installations occupy a space

which extends over the length of the respective cushion. Also, as required, one additional

fan Is located beyond the comer of each cushion, outside the cushion periphery. Because

of fan duct space constraInts, any other additional fans outside the cushion periphery do

10
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not appear feasible, and thus the number of fans possib'e for each cushion is space limited -

the effects of which are addressed in Appendix C. The fan arrangement provides each

cushion with two gangs of fans, one for each cushion "segment." Within each fan gang,

the fans are shafted together, with universal joints provided as required to compensate for

wing deflections. The fans are driven by turboshaft engines, one at each end of each gang

of fans, with the power being transmitted to the fans through speed reduction gearboxes.

The chosen aircraft study configuration, Incorporating one single cushion per wirng semi-

span, therefore requires a total of four gangs of fans, eight turboshaft engines, and eight

gearboxes. The turboshaft engines and gearboxes are oversized to allow for system failure.

For the purposes of this study the remainder of the air supply system Is assumed 100 percent

reliable.

4.0 PARAMETRIC EVALUATION

The sizing and selection of the PJ-ACLS require the evaluation of numerous variables.

The primary Independent or sizing variables are cushion width, span and spanwise place-

ment, jet thickness, jet toe-in angle, and height above the ground plane. For a free

flying surface effect vehicle, the cushion lift is a specified quantity, however, for the

vehicle studies here the main landing gear is retained and only partial lift Is provided

such that free flight on cushion lift is not obtained. With this type system, cushion lift

magnitude also becomes an input variable with cushion power, alrflow, jet pressure, and

jet thrust being dependent parameters for each combination of cushion lift and sizing varl-

ables evaluated.

The cushion sizing variables are illustrated on Figure 8. The cushion area Is located ad-

jacent to the wing tip to provide the maximum moment or wing down bending relief. For

all cases evaluated the outboard end of the cushion is located at 90 percent semispan.

This ten percent semispan outboard of the cushion is maintained to house the wing tip

outrigger gear and the turboshaft engine installation.

The essential requirement to be met by all PJ-ACLS configurations considered is that under

all ground operation conditions no portion of the wing shall eontact the ground surface.

12
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The cushions are thus sized to a ground clearance requirement resulting from the most se-

vere down bending condition. For this purpose, a 2g negative loading Is assumed to be

critical in lieu of a more refined dynamic taxi analysis. At this condition a 12 inch ground

clearance is Imposed. The air cushion is sized to provide the corresponding lift requirement.

This Is not a fixed design situation, since wing flexibility allows the ground clearance re-

quirement to be met by various combinations of cushion lift and main landing gear height.

As shown on Figure 8, there are three critical height dimensions that must be met by all

cushion configurations. To maintain the 12 inch ground clearance, the cushloti jet plane

must be at least 52 and 70 Inches above the ground at the wing tip and at 90 percent semi-

span, respectively. The 90 percent location Is critical as the cushion chordwise outboard

supply duct occurs at this wing station. The minimum main landing gear height required for

Installation Is 78 inches. Cushion height Is a fallout when these three controlling heights

are met. These height constraints are also Illustrated on Figure 9. This figure defines the

maximum cushion width dimension, which Is a function of the required cargo compartment

width, flap chord, and wing leading edge length, as 27.5 feet.

4.1 EVALUATION MATRIX

The matrix of cushion sizing parameters evaluated are given on Figure 10. As ihown,

these sizing parameters are evaluated as a function of cushion lift provided. Five values

of cushion length, jet thickness, and load are evaluated in combination with 4 values of

jet toe-in angle resulting In 500 data points for the baseline cushion heights. To provide
a sensitivity to cushion height, which Is a critical parameter in the design of the PJ-ACLS,

the baseline cushion heights are reduced by 40 Inches resulting in an additional 500 data

points.

4.2 EVALUATION PROCEDURE

The procedure by which the parameter matrix Is evaluated is shown on Figure 11 . This

parametric procedure requires the formulation of three major blocks of data and the se-

quentlal processing of these data into cushion system weight, structural weight, and

aircraft delta weight using the baseline Spanloader as u comparison base. In order of use,

14



w w

aCh

zw

CL m

w z

y T 4n

w LLN
(n kN

00

W) ~Z

15

~~~S~~~fr~~~~~.i oo~%U~d .- A-. -...-.- ,



UNU

LiJJ
-cc~U. LoC

UU'

P.::

LI .j 0z Lr,

161



LS
* I : * IIl!

I

I I

em 1 I Wh
I o I *

mu ImwI

'I El

.i0 * 4!,'-~

, 17



these data blockstobe described in detaiI by the following paragraphs ares

1) Wing deflection as a function of cushion lift and cushion span. (See Figure 12)

2) Cushion aerodynamic performance as a function of cushion length, width, height,

jet toe-in angle, let thickness, and lift.(See Figure 13)

3) Centrifugal fan system performance as a function of cushion airflow and jet pres-

sure requirement3. (See Figure W4)
4) Aircraft structural and cushion system weights data as a function of cushion lift

and configuration. Structural weights tnclude both wing and main landing gear

effects . The cushion system weight includes the required fans, the fan power

source, the fuel to operate the fan power source, and the wing tip gear installation.
(See Figure 15)

4.2.1 WING DEFLECTION & STRUCTURAL WEIGHTS DATA - Wing deflection data are

given on Figures 16 through 20 for each matrix value of cushion load (lift) and cushion

length defined In terms of percent wing semispan. Cushion width Is held constant at a

value of 27.5 feet. Wing and landing gear weights data for each cushion lift and length

combination are given on Figures 21 and 22. Cushion height (hc) and landing gear height

(he), as shown on Figure 8, are determined as previously described from the wing deflec-

tion curves. These heights are given on Figures 23 and 24 as a function .Nf cushion length

and lift. With these data, cushion geometric relationships (hc/w, I/w, t/w, and L/Ac)

are defined as a function of cushion load (lift), as shown on Figure 12, for use as input to

the cushion performance data block.

4.2.2 CUSHION AERODYNAMIC PERFORMANCE - The cushion aerodynamic performarice
procedure is Illustrated on Figure 13. For each matrix combination of cushion geometry and
lift, cushion airhorsepower, airflow, Jet pressure, and augmentation ratio are determined.

Cushion performance Is based entirely upon the Barratt theory as reported in Reference 2.

The derivation of the relationships required to perform thIs procedure are defined in

Appendix A.

18
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Figure 21. Wing Weight vs Cushion Span and Load
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Figure 23. Baseline PJ -ACLS Cushion Height
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4.2.3 CUSHION PERFORMANCE AND COMPONENT SELECTION - The characteristics

of the selected air supply components, l.e.r the fans, turboshafts, and gearboxes, are

based on component data available from component manufacturers and vendors. The data,

as required, have been sealed by conventional methods to the sizes applicable to the sub-

loot PJ-ACLS requirements. The steps defining the required fan performance, system

power, and system weight, as shown on Figure 14, are summarized In Appendix C.

Centrifugal Fans - The fan performance characteristics, which are shown on

Figure 25, were estimated by sealing an off-the-shelf Industrial type fan in

accordance with fan laws, assuming constant fan efficiency and specific'

speed. The data are based on a fixed geometric size, scaled to the maxi-

mum fixed size possible within the Installation space available within the

wing leading and tralling edge compartments. Since for a given fan pres-

sure, fan volumetric flow is proportional to the square of the fan dimensions,

utilization of the largest possible fans provides the highest flow per unit in-

stallation space, and thuj the lightest-weight fan installation. The estimated

fan dimensions are also shown on Figure 25.

The fan weight characteristics shown on Figure 25 are based on an assumed

fan thrust-to-weight ratio (T/M) of 5. For light-weight centrifugal fans, the

literature (References 3 and 4) Indicate a feasible T/W range from approxi-

mately 3 to 5. The present study assumes the optimistic extreme of this range.

The particular off-the-shelf fan upon which the fan data are based utilizes a

backward-curved type fan Impeller design. Several fan manufacturers were

contacted for Information on more efficient cQntrifugal fan designs. Little

interest was shown, however, due primarily to the combined requirements of

light weight and large size.

Turboshaft Engines - The turboshaft engine characteristics are shown on

Figure 26. These characteristics are based on the P&W STS 487 turboshaft

study engine (Reference 5), the commonality companion of the P&W STF

477 turbofan engine (Reference 6), which Is used as the primary propulsive
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engine on the spanloader aircraft. The STS 487 is considered represen-

tative of the typical state-of-the-art expected of operational turboshaft

engines in the 1990's time-frame.

Power Transfer Gearbox - The estimated weight characteristics of the

speed reduction gearboxes are shown on Figure 27. These data are

based on gearbox characteristics as provided by Detroit Diesel Allison

in Reference 7. The power transfer efficiency is assumed to be 98%.

Wing Tip Gear - The addition of the PJ-ACLS reduces wing strength

required to react downbending loads, therefore, cushion off, one g

static wing deflection Increases In direct proportion to increased cushion

lift. To provide wing tip support during cushion off conditions a wing tip

gear Is used as a component of the PJ-ACLS. Wing tip gear weight as a

function of cushion load Is given on Figure 28.

4.2.4 STRUCTURAL AND SYSTEM WEIGHT COMPARISON - The PJ-ACLS baseline span-

loader (-2g wing capability) Is used as the comparison base for this weight c:omparison.

The structural weight (wing weight + main gear weight) and cushion system weight (cushion

component weights + cushion fuel weight + wing tip gear weight) are determined for each

evaluation matrix data point given on Figure 10. The structural weight and system weight

are summed and compared to the baseline PJ-ACLS spanloader wing weight plus main gear

weight to determine the delta aircraft weight.

5.0 SELECTED CUSHION CONFIGURATION

Selection of the minimum weight cushion configuration requires the analysis of 1000 data

points; 500 for the baseline spanloader and 500 for the baseline spanloader minus 40 Inches

in cushion height. As previously explained, the baseline minus 40 inches is provided to

* illustrate cushion performance sensitivity to cushion height. The analysis of these 1000

data points was performed by a computerized cushion performance and weights program

with the results provided In Volume II.
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A review of the data contained in Volume II shows that all cushion configurations for

the baseline spanloader result in a weight penalty. The selected configuration has a

minimum weight penalty of 625 pounds which occurs for a cushion lift of 2.5 percent

gross weight, length of 20 percent wing semispan, let toe-in angle of 45 degrees and

jet thickneis of 4 Inches. Other characteristics data for this cushion are given on

Figure 29.

The data given In Appendix B for the basellne minus 40 Inches Indicate a weight savings

can be achieved with reduced cushion heights. The maximum weight savings,within the

limits of fan Installation space and fan tip speed, Is 16,629 pounds. Basic cushion char-

acterlstics are a lift of 7.5 percent gross weight, a length of 20 percent wing semispan,

a let toe-in angle of 60 degrees, and a let thickness of 4 Inches. Other characteristics of

this cushion are also summarized on Figure 29. Various parametric curves for this cushion

selection are given on Figures 30 through 40.

Cushion lift available as a function of cushion height Is shown by the upper curve

on Figure 41 for the selected cushion configuration. The lift required to operate at any

given cushion height Is shown for Ig negative condition by the solid line curve. This

curve is obtained based upon the assumption that given a 2.g negative deflection vs load

curve, the Ig nogative curve can be plotted using a relationship of one half 2g negative

deflection vs one half 2g negative load. Therefore, from Figure 41 it Is seen that the

selected cushion height ar.d load of 47 inches and 7.5 percent gross weight at 2g nogative

conditions adjusts to a height of 83 Inches and a load of 4.5 percent gross weight ýc, the

Ig negative condition. Typically, forward speed augments the available lift wzth -i In-

crease in cushion height above the static value as shown schematically on Figure 41.

6.0 STABILITY AND CONTROL

6.1 TAKEOFF

The selected oushion configuratlon fc. the baseline rninus 4U Inehas rusults sn PS percent

of the aircraft gross weight being supplrtwi by the conventional landing ger.r. The ground
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BASELINE

LENGTH (L) 43.2 FT (20% l);i

WIDTH (w) '27.5FT

AREA (Ac) 1188 SQ. FT.

JET THICKNESS (t) 4 INCHES

JET ANGLE (e) 45 DEGREES

CUSHION HEIGHT (h0) 95.3 INCHES
LIFT/CUSHION (L) 37,450 LB. (0.025% GW)

SHAFT HORSEPOWER (HP) 31,601 (3950/ENGINE)

CUSHION PRESSURE (2) 21 .201 pof
JET PRESSURE (Pi) 164.32 pof
AIRFLOW/CUSHION (Qj) 18,910 ofs
AUGMENTATION RATIO (Aj) 2.321

MAIN GEAR HEIGHT (ho) 171.6 INCHES
DELTA AIRCRAFT WEIGHT +625 LB.

BASELINE MINUS 40 INCHES

LENGTH (1) 43.2 FT (20% b/2)

WIDTH (w) 27.5 FT
AREA (Ac) I188 SQ. FT

JET THICKNESS (t) 4 INCHES

JET ANGLE (e) 60 DEGREES
CUSHION HEIGHT (hI) 46.8 INCHES

LIFT/CUSHION (1) 112,350 LB (0.075% GW)

SHAFT HORS'POWER: 76,459 (9557:N.!N)

CUSHION PRESSURE (P) 80.99 pif

SJET PRESSURE (PI) 30,.1 pcf
AIRFLOW/CUSHION (Qj) 24,644 cis

AUGMENTATION RATIO (Ai) 4.093
MAIN GEAR HEIGHT (ho) 107.5 INCHES

DELTA AIRCRAFT WEIGHT ' 16,629 LB

Figuro 29. Selected CXIsh~on ConFigurations

39f



4:14

C4

..................

7II

z1l.

II~ ftn

Ii LI 
I I

z *z

1*1

.~ 
ii7I

z(q 0001 rrrr j
)S V/ H O 3 Y O M

... ~.{. .t~j.. 40



Ff If

I 'j

I~~~ t' L

u.. uT? -S

Z IP.~ . 0

S II U

HI -I:Q n . ED.I .j.1 1 4 l

A IT.

w.1 4 - V

000)1AYNVHO Vil

ii I :~.p41



011

~¶e~ §7 iIC! .

~- ~ I f4 ~I 4 -.1r~[f~1 I ~ i*I:1A~0u
INT.'~

S..:.. K .5z

3t 0 D [ fI

z 4A

I J1i 1 4I'

I III

z~

TT IN

If.

(sdj CL Jd l V

42

... ...



BASELINE MINUS 40 INCHES

v I T1 f j~j. 20% Semispon (43.2 ft)>
H'I' w 27.5 ftI

- 600
'12 1.;-- GW 1, 498,00W0 ib.

Iiit

PP EED- LIMIT. t 7 E CE
8 4_11

rr
10.0 .5.

43-



1 .01

4: I

3-04

71 ?

z 4A I

71 1 '

1.7. -T

7'

iNgWOgS/SNVi jo NagwflN

144



BASELINE MINUS 40 INCHES

600

;r I20 Semispan (43.2 ft)
w - 27.5 ft
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BASELINE MINUS 40 I NCHES

30 0,

20% Semso (4, ft) 7.f

1-4-.~ A. 4Ic e

W, G- 1,498,01b

0 Il I i].-I II ., I- j

0 k.

LIFTCUSHION (% GROSS WEIGHT)

Figure 36. Cushion Lift vs Cushion Airflow
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Figure 38. Cushion Lift vs Augmentation Ratio
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BASELINE MINUS 40 INCHES

• I ' " . ..0 . . .. .. . . . ... . . i . . . . . . .
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cc " K K. SELECTED CUSHION
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Figure 40. Cushion Lift vs Total Structural Weight
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120

-2g DESIGN POINT.

100I

STATIC LIFT AVAILABLE
S0 FOR FIXED CUSHION

2

STATIC OPERATI NG POINT

~60 - .....

40 -19 LIFT REQ'D VS
CUSHION HEIGHT
FOR GEAR LENGTH
SET BY -2g GROUND

20 ~~CLEA -RANCE CR I-ITERI A

20

02046U010

CUSHION HEIGHT-h - INCHES
C

Figure 41.* Cushion Operating Height/Lift Envelop.
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run portion of the takeoff phase Is essentially like that of the original aolllne sponlader
aircroft, The Consideration of angina out control, croswlnd epabl!ity and letemi end
directional control will esstamlelly be unaltered by the addition of the peripheral lot
cushion,

The primary Impast of the addition of the cushions is en l4ml tudolel trim, As the rawin
linding gofr Is moved Inboard on the 400 swept wlin cenfilurstlen to provide the required
75 foot trend width, It is by nesoulty also moved forword, This resulted In a loor Ioetlen

which If forwoard of the aircraft center of gravity and ot soro forward speed, with proepl-
live omnoios off, Cushion lift or wing tip eoor oxtension Is neovery to provide nows our

The wind tunnel daot of AFFDL-TR-65-59 shows that the cushion at the aircraft minimum
flying sPOes will provldo aopprnamotely the same additonal wing lift oa It does at sort
velocity. The same result Is obtained If that portion of the wing onsompamnlg the Cushion
Is treated ao a lot flap, at minimum flying speed. If lift off Is attempted with the Cushion

operating, the moment produced by the cushion must be balanced by the anrdM surfaeo,
The 400 swept wing results In a Cushion location approximately one muen erldynamle
chord length oft of the center of gravity, This procedure would Incrooso the required

canamr lift by 75 percent, Lift off could be achlevoe by turning off the cushlon system
at the lift off spoed.

The aushion must be operating on final approach, At approximately 200 feet altitude the

contribution of the system wowld be only the lot thrust component which, oven with the
highly swept wing, is small and within the capability of the baseline canard surface, As
the ground Is approached the lift and consequently the nmo down mement produced by

the cushlon would Inereseo rapidly. The ability to hold the nose wheel clear of the run-
way at touchdown will require a 75 percent Increase In the available Canaor lift,
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In summary, the only stability and control problems associated with this application of

a peripheral jet landing system are those associated with the baseIine.configuration

selected. A configuration which alines the cushion lift with the center of gravity of

the aircraft would be much better. Such a configuration would exhibit a stronger than

normal cushioning effect due to coming into the ground proximity, and perhaps, some

flying qualities Improvements on approach can be obtained by the direct lift control

associated with varying the jet tilt angle. (See Appendix B Analysis)

7,0 FORWARD SPEED EFFECTS AND AIRPORT PERFORMANCE

The emphasis of this study has been directed at the feasibility of the peripheral let air

cushion as a supportive device in low speed operation. Based on present knowledge,

there Is rno reason to expect any significant problem at low speeds. However, the cushion

must be operative up to approximately lift off speed and takeoff, and must be fully opera-

tive from landing approach speed to a full stop. There Is no firm requirement for operation

at significantly higher speeds.

It Is beyond the scope of this study to establish the effect of a particular selected cushion

on airport performance. Nevertheles there will be significant effects which are very

dependent upon the details of the cushion geometry, Its size relative to the wing, the

load carried by the cushion and the local momentum coefficient J/qS.

The greatest ACLS military potential is the enhancement of operation from battle-damaged

runways. For whatever number of gear tracks, the probability of executing landing or

takeoff is seriously degraded by long runway requirements coupled with battle damage.

Therefore, every effort must be made to minimize adverse effects on landing and takeoff

distances. With ingenuity and good design, it may be possible to suffer no airport per-

formance penalty. The following discussion addresses the primary problems as they relate

to each other and to the achievement of satisfactory airport performancv.

7,11 INTERACTING FACTORS

7.1.1 CUSHION INTERACTION WITH MECHANICAL FLAP DESIGN - Typical span-

loader wing loadings and good airport performance require fairly good high lift peiformance.
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A baseline spanloader with Its wing stiffened to accommodate a reduced landing gear width

would use full span mechanical flaps. On the other hand, if reconflgured to accommodate

an air cushion, the vehicle may not be able to utilize mechanical flaps over the span aovered

by the air cushion, particularly as cushion operating height Is reduced to minimize system

weights. Operating height, reduction achieved by flattening the airfoil lower surface com-

plicates this further. In addition, the.aerodynamic interact'in between a mechanical flap

on an air cushioned section of wing Is not known.

In any event, a careful matching of the air cushion and mechanical flap system is required.
The development problems center primarily on the development of a suitable combination of

air cushion, airfoil shape, and high lift system. The low-deflection, very large extension

flap Is therefore a candidate for further development.

7.1.2 CUSHION AERODYNAMICS AT FORWARD SPEED - Aside from Interaction with the

mechanical flap design, the basic aerodynamic characteristics of the air cushion must be con-

sidered. At low forward speeds, the freestream constitutes a small pertubation.to the basic

cushion flow field. At high speeds, the jet cuchion Is a small interaction to the freestream.

Neither of these speed ranges, where analysis Is simplified, is of real concern. Typical

liftoff and approach speeds are In the range where freestream and lot effects are compar-
able and have maximum interaction. It Is also severely compounded by ground effects.

The entire picture is analagous to a powered lift STOL system operating between normal

STOL and VTOL speed regimes. Thus, no simple flow model is possible, and a sirong re-

liance must bo placed on experimental data for specific configurations.

The major feature of jet-freestream Interaction Is a characteristic switch from cushion be-

havior to a let flap type behavior above certain speeds. This is characterized by the
forward jet tucking under the wing and a strong increase In lift augmentation accompanied

by a drag increase and moment shift. The abruptness of this shift In flow regime is strongly

attenuated by 3-D effects. All these effects are highly dependent upon configuration,

angle of attack, and height above ground. There Is reason to believe that withoappropriate

nozzle vectoring and flap deflection, a highly effective jet flap can be achieved at higher

speeds, with beneficial effects on both landing and takeoff distances.
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Some data has been acquired for an aspect ratio 4 peripheral jet cushion using an unfiapped

NACA 0015 symmetrical section (References 8, 9, 10, and 11). The air cushion Is full chord

and a number of jet toe-in angles were tested. The range of variables is Inadequate for use

as a generalized prediction base. Such data must be supplemented by a broad-based experi-

mental program designed to fully explore the oombined effects of airfoil shape, mechanical

flaps, relative cushion chord, jet toe-in angles, and modulated toe-in angles,. effect of sweep,

etc.

7.1.3 OTHER CUSHION SELECTION CRITERIA - In the present study the air cushion is

selected on the basis of lowest operating weight. However, in a real design process the

system weight must be traded against factors which impact airport performance. Some of

these factors are (1) large ram drag, which can be minimized by higher fan pressure ratios,

which Is affected by the geometric parameters and load carried, (2) the aforementioned

"Interaction with the mechanical flap design, (3) the range of cushion momentum coefficient

J/qSu which governs the freestream interaction for each specific configuration, and

(4) some Impact on minimum control speeds and associated tail volumes.

7.2 AIRPORT PERFORMANCE

The impact of the proceeding factors on airport performance can vary from nominal to sig-

nificant depending upon the airport performance required and upon the details of both cushion

and overall configuration. These details, while not considered here, should form the basis

for airport performance studies after an adequate data base is establibhed. A general area of

concern is the attitude constraints due to ground proximity and its Impact on takeoff rotation

and landing flare. In this regard, it is noted that additional cushion augmentation due to

forward speed can lift the wing tips high enough to alleviate this problem, particularly atii ~ low wing sweep..

8.0 CONCLUSIONS AND RECOMMENDATIONS

' The results of this study as summrized on Figure 42 show that for an operating weight penalty

of less than 10 percent the NASA/Lockheed Spanloader, Configuration 1, can be configured
I
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with i landing gear tread width of 75 feet, Configuration 2. This is accomplished by

strcngthening the basic wing structure to react tki^ increased wing down bending loads

realized under negative 2g ground operations in (ombination with the 75 foot gear tread.

As shown by the data given for Configuration 3, approximately th.m some weight penalty

is incurred with the use of a PJ-ACLS. Howeve.r, if it is cisumed that the cushion heights

required for the L•sellne PJ-ACLS Sponloader are reduced by 40 inches by gome configu-
ration design change such as the use of a "flat bottom" airfoil, then Configuration 4 incurs

less of an operating weight penalty than doms Configuration 2. The opeiiting weight

penalty of Configuivtlon 4 compared to Configuration 1 is le". than 7 percent.

As the addition of the PJ-ACLS to the Spanklader aircraft has a dirc•t impact on its opera-

tional capability and versatility, the merits of the system should not be judged solely on

airwrt weight impact. The use of a wide tread gear such as the 218 feet of Configuration I

would saveroly limit the number of compatible airports. Configuration 2 meets runway

width requirement needs, however, the total gross weight of the aircraft must be reacted

by the closely spaced bog e arrangement. Whereas gear loads fc• ;: ifigurations 3 and 4

which utilize the same closely spaced gear arrangement, are redu,'.d by a magnitude equi-

valent to the cushion lift, providing increased gear flotation.

The results of this study are compromised to the degree that the basic Spanloader conflgu-

ration was not reoptimized to benefit cushion installation or parformance. Given this

freedom of reconfiguring the Spanloader, it is felt Improved cushion weight and perform-

once con be obtained. Tradeoff studies between cruise performance and cushion perform-,

anct are required. Cushion improvements can be obtained by the Spanlooder configuration
changes as summarized on Figure 43.

Although thd transverse fan is not included in the present PJ-ACLS system analyses, a

cunzry qualitative assessment was mudt to identify possible advantages of a transverse

fan system. One conceivable sQheme for utilizing this concept is shown on Figure 44.

The ;ollowing briefly lists possible advantages of this transverse fan system as related to

the canirifugal fan system:
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TURBOSHAFT

* CUSHION AREA

TRANSVERSE FAN

* SECTION A-A

Figure 44. Transverse Fan Peripheral Jet Cushion
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|I.

I For a given required let flow, the transverse fan would require less

space than the, centrifugal fans

o The capability of the transverse fan to Injest airflow radially

I~to the Impeller eliminates the requirement for spjcIng be-

tween fang to allow for Inlet flow.

o Since there Is no aerodynamic limit on the axial length of the

transverse fan impeller, the number of fans may be reduced,

thus reducing the space required for fan housing, and for shaft

coupling between fans.

2. As Indicated on Figure 44, the tralling edge fans could be used to provide

both cushion and propulsIon; and as applicable this concept could also In-

clude a jet flap with boundary layer control.

3. Assuming a transvere fan efficiency at least as good as for the study centri-

fugal fan, both the preceding effects should result in a reduced air supply

system ,weight.

Lockheed Is currently Investigating a transverse4an propulsive wing concept (References

"i2 and 13). It Is expected that the results of this Investigation may reveal additional

transverse fan advantages.

Possibly the greatest military benefit to be derived from the PJ-ACLS Is one of enhance-

ment of operation from battle-damaged runways. It appears possible with a PJ-ACLS to

offer a large aircraft concept which requires only a single gear track (bicycle gear

arrangement). This single gear track would increace the probability of runway operation

after runway battle damage.
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APPENDIX A

PJ-ACLS PARAMETRIC EQUATIONS

The parametric equations used to define performance data as a function

of various sizing parameters are derived from the Barrett theory as

given by Reference 2. The essentials of this theory, with some changes

in notations from Reference 2, are given by Equations 1 through 4.

J - 2Spjt (/ - p/P (1)
Vr -1 -Cc/

tS 2 (p) -p/p lo (- p/p) (2)

S./Pj . 2X ( X '+ -, X) (3)

where: X - t/h (I + sin 9) (4)

The following relationships are next defined for air horsepower and total

cushion lift:

F ?- Q p /550 (5)

L - J cos 9 + p A (6)

Equations 1 and 6 are rewritten as follows:
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J/A0 Pj " (2St/A0 ) V- p/p (ia)

j cpc/pJ

L/AC = ( I) (cos 0) + p J P j (6a)

From combining Equation La and 6& the following is obtained:

pj/(.L/A) - 1/0 (7)

where.:

G - [(2St/A.) cos ,/1 - p /pj + pc/Pj] (8)

Using Equations 2, 6a, and 8 the following relationships are defined:

(i7A0) A~

ts
2pj/po - p /p

C loj (1 pC/Pj)½
f-v~pIj[1 %,-v - lo-p

v .... •- 
(9)

where:

K = tS/A0  (10)
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I. ______________.

,I1• F - log (1-p/p)- (11)

cjc

Also from Equations 5, 7, and 9:

_ _• E550

*K , ~2/p.

550

A , L/J 2 - (13)

Summary KJ Th

The parametric fan sizing relationships provided are:

K [1] I20 (14)

.. . 1 (15)
ILo
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I1 -
L (16)L A

Ai
ih tA •2Ky Pe/Pj (17)

' Where:'

1 -- P /P lo (1c/PjJ)

PcjG -2K coB Q 0 P/i +(Plpj)

PC-02X + -
Pi + X

X w I. (I + sin e) - [(t/w)4ý/w)] 11 + sin e

K MIt area . St/A
cushion area C

t - Jet thickness, ft.

h - height above ground, ft.

0 - jet toe-in angle, positive into cushion

"PC w cavity presskie, psfg

pi M jet pressure, psfg

P - standard atmosphere mass density, 0.002378 slugs/ft

"-1
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U - atmospheric density ratio P/p
0

L a total cushion lift, lb.

At - cushion area, ft2

J j jet momentum flux, lb.

FP air horsepower

A * thrust augmentation ratio (L/J)

3
Q- jet air flow, ft /sec.

S * peripherial length of jet, ft.

The expressions as given here are extremely useful in that horsepower per

pound of lift, jet pressure, and jet volume flow per pound of lift are

given by geometry (0, t/h, K) and cushion loading. For utilization pur-

poses, the latter two parameters are specialized to the cushion illus-

'trated

V06

A

, /

for which t/h - t / h
w w
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K -2 I +
cooA]

Carpet plots hava been constructed which show the relatirn~hips of

Equations 14 through 17 to t/w and h/w. mese data are for A w 400 only,

and are shown in Figures 1A through 18A for the matrix Q - 0, 100, 200

300, 400, 500, and 1/w - 2, 4, 6.

The .figures shown are usable for other sweep angles at other values of 41w,

that is coIA COIoAJBaIc*

-I
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APPENDIX B

B1.0 STABILITY & CONTROL

Control of the PJ-ACLS vehicle at low speed will require the generation of forces and

moments to supplement the low effectiveness of conventional aerodynamic controls. The

need for this is particularly marked if the cushion system is designed to provide a large

portion of the total vehicle support during ground-borne maneuvers. In this case the

conventional landing gear is off-loaded and becomes less effective fr vehicle con-

trol.

One means of generating additional control inputs to the PJ-ACLS vehicle is to vary the

angle of the peripheral jet which sustains the cushion pressure. Inward or outward

rotation of the let all around its periphery changes the vertical cushion force at a given

height. When the cushion is offset from the vehicle center of gravity this change of

vertical force will cause incremental pitching and rolling moments. For vehicle con-

trol near the ground the generation of side-force and yawing moment is equally im-

portant and these can be produced by changing the in-plane cushion force through

asymmetric variation of the peripheral jets. In this mode of control the inward let

angle is increased on one side of the cushion and reduced on the opposite side.

This stability and control analysis has investigated tho use of symmetrical and asymmetrical

peripheral let angle control for the sponloader vehicle configuration. This work is a

natural application and extension of the data contained in Reference 2. The Barratt

theory is first extended to include asymmetric peripheral let conditions. Then, the

effectiveness of peripheral jet angle control is assessed for single unconstrained and

constrained cushion vehicles. Finally, equations and a computer program are formu-

lated for estimating the control forces and moments generated by symmetrical and

asymmetrical variation of peripheral jet angle on a multi-cushion supported vehicle.

These equations are then used to assess the controlability of a large spanloader PJ-ACLS

vehicle, as shown in Figure lB.
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B2.0 ASYMMETRIC PERIPHERAL JET THEORY

The theory of air cushion landing systems for aircraft is presented by Digges in Reference2 .

This reference covers various types of cushion generating systems and presents a number of

different theories for-estimating the basic performance characteristics of cushion vehicles.

Section 2.3 of Reference 2 lists the assumptions which have been applied to all the peri-

pheral let thecoies developed in the report. Two of these principal assuirptions con-

cerrning vehicle force equilibrium must be discarded in the asymrnt'iric peripheral jet

theory. These are:

Assumption 2.3.2. 1., "The ACLS is symmetric and the opposite sides have identiral

flow, sitffness and geometric characteristics."

Assumption 2.3.2.5., "The net vertical thrust from the peripheral jet is

negligible.

Control of an ACLS vehicle requires the generation of asymmetric forces and moments

and, if these are derived from varying the angle of the peripheral jet, the assumption of

symmetry cannot be generally retained. Also, the in-plane control forces generated by

peripheral jet control may be derived mainly or totally From the peripheral jet thrust

which must therefore be retained in the vehicle force equilibrium equation.

B2.1 UNCONSTRAINED CUSHION VEHICLE

Figure 2B defines the geometry and force system for an unconstrained rectangular peripheral

Jet cushion vehicle. The vehicle weight, W, is completely supported by the cushion

prossure and the vertical jet thrust. Also, the side force and rolling moment are zero.

Instantaneous rotation of the side jets results in the condition shown in Figure 3B. The

upper figure shows the situation prior to vehicle motion response. The right jet inward

inclination is increased and the left jet angle is reduced by an amount 6 e . This causes

a cushion pressure gradient as indicated, a rolling moment to the left and an out-of-

balance jet side force. The unconstrained vehicle rolls to reduce the cushion pressure
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FIGURE 2 B RECTANGULAR PERIPHERAL JET
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FIGURE 3B ASYMMETRIC PERIPHERAL JET CONTROL
(VEHICLE UNCONSTRAINED)
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gradient as shown in the lower figure, and in this condition the vehicle weight is com-

pletely supported by the cushion pressure and the vertical jet thrust. The small rolling

moment due to the difference in vertical thrust between the right and left'jets is balanced

by a small cushion pressure gradient and the only sustained out-of-balance is a side

force shown in Equation 1 as:

J11 6d:
Y= s SxSiN(6 ) COS e++ SIN e -SySIN 1 (1)

where Y' in the total peripheral let reaction and • is the average V sight of the cushion.

Thib equation indicates that the side force is totally due to the asymmetric let reaction

and that the vehicle response, 0, in roll reduces the side force effectiveness of the lot

angle variation, 6 e.

B2.2 CONSTRAINED CUSHION VEHICLE

If the ACLS cushion device is attached to another vehicle, such as the spanloader air.,

craft, it is constrained to move with or relative to the supporting vehicle. Thus, when

the peripheral jet angle is varied for control, the cushion may be prevented from tilting

to seek its own equilibrium, and the peripheral let flow behavior will be modified from

that assumed for an unconstrained cushion vehicle.

Figure4Bshowsa flow condition for a rectangular peripheral jet where the side-jet

angles are varied asymmetrically and the cushion vehicle is constrained to hold its

height and its level attitude. As before, the right let inclination is Increased and the

left jet angle is reduced by an amount 6 0 .. Because of the reduced left jet angle, the

equilibrium cushlon pressure drops and only part of the right jet is turned outwards to

sustain this pressure. The remaining part of the right jet flows under the vehicle and

produces a net mass flow to the left. This splitting of the right Jet is shown In the lower

part of Figure 4B.Only part of the jet thickness, I t is turned through the angle

to sustain the reduced cushion pressure. The thickness factor land the net side force

produced are derived In Appendix A which gives:
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FIGURE 4B ASYMMETRIC PERIPHERAL JET CONTROL
(VEHICLE CONSTRAINED)
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I1= 1-COS 9 SIN 6 e (2)

Y= Jg ISx COS 0 SIN 6e (3)

When the side force is non-dimensionalized by division by the initial vertical cushion

force, Zi , as shown in Appendix A, the result is:

Y SIN 8 _ (4)
z. , S I1 +SINea)

SX 2d COS 9

Also In Appendix A, the change in vertical force which accompanies the gmnerotion

of the side force is found to be:

=Z (COS 6e -1 +] [ICSIN(e-8e)-SING ] (5)

Z. 1+3 + - I+SING

If the Fore and aft lets are varied to produce an X force the equations for the rec-

tangular peripheral Jet are similar with the terms Sx and Sy being Interchanged.

I
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B3.0 MULTI-CUSHION VEHICLE SUPPORT

The single constrained cushion relationships derived on Pages 125 - 126 and described

in Section B2.2 have been incorporated into a system of equations for computing

the forces and moments for a constant chord, straight swept spanloader uirplane having

a number of cushions distributed under the wing along the span. The multi-cushion

geomeiry is defined in Figure5Band the equations are developed on Pages 126 - 129. This

gives the non-dimensional control forces and moments in terms of the percentages of

total cushion support, the vehicle geometry, and the single constrained cushion force

ratios developed in Section B2.0. The equations are:

X EFc COSA Y1 SIN A
W W Z. Z.

I I

Y E Fc Y1 COSA SIN A
LW Z. Z. (

Z Fc I-•- = ]C (8)

W z.

4 L , Fc A Z'
S: __ [._._2_ ][(S_.Y) COS +( X ) SINAI 9

W Z. b b

M ýFc)] AZ I I I COS A ( SINAI (10)

W W Z. C C

N EECI Y1I X +Xl

W Z. b Z. b
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FIGURE 5B MULTI-CUSHION GEOMETRY
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It is seen that all the forces and moments produced by peripheral jet angle control

are directly proportional to the amount of total cushion support being used by the

PJ-ACLS vehicle.

These equations have been incorporated in a computer program to produce control

effectiveness estimates for cushion supported vehicles of the type defined by the

geometry of Figure 5B. Vehicle, cushion, and peripheral jet configuration data are

input to provide non-dimensional force and moment data output.
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B4.0 SPANLOADER CONTROL EFFECTIVENESS RESULTS

The multi-cushion peripheral jet angle control program was run to produce control

effectiveness results for a spanloader PJ-ACLS vehicle defined as follows:

Vehicle Configuration

Wing Span 330.0 Feet

Wing Chord 55.0 Feet

Wing. Sweepback 40.0 Degrees

Cushion Configuration

Cushion lnboard Edge 30% Wing semi-span

Cushion Outboard Edge 80% Wing semi-span

Cushion Forward Edge 15% wing chord

Cushion Aft Edge 75% wing chord

Cushion + Jet Support 100% Gross weight

Jet Configuration

Number of Cushions/Wing One

Jet Inward Inclination 30.0 Degrees

Jet Height Above Ground 5.0 Feet

B4.1 EFFECTS OF JET ANGLE DEFLECTION

A variation of jet Inclination angle, 6 q , from zero to 30 degrees was inserted and I

the effects on the vehicle forces and moments were determined. These results are

presented in Figure 6B i'hrough 13B.
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B4.1.1 Vertical Force Change

The change of vertical force divided by the vehicle weight, A Z/W, is plotted against

jet deflection angle in Figure 6B. This shows that, when the jets are rotated inwards,

the vertical force increases and reaches 24.4% of the vehicle weight for a jet de-

flection of 30 degreos.

B4.1.2 Forward Force

Ft gure 7B presents the forwird force d vided by vehic le weight, X)/W, versus jet de-

flection angle. In this case the jet angle is modulated asymmetrically to produce the

maximum effect in the X direction. It is seen that, for a jet deflection of 30 degrees,

the X force to weight ratio is only about 8.1%. Figure 8Bshows thechange of vertical

force caused by control action to produce the X force just discussed. This shows that

the generation of the 8. 1% X force/weight ratio caused a 28.5% loss of vertical

forco.

B4.,1.3 Side Force

The side-force/welght ratio, Y/W, is presented in Figure 9B. Only 7.3% is produced

for a jet deflection of 30 degrees. Figure lOB indicates that the control deflection to

produce this side force rat;o resulted In a loss of vertical force equivalent to 26.5%

of the vehicle weight.

B4.1.4 Pitching Moment

The pitching moment about the quarter chord of the MAC is presented in Figure 1I B.

The moment divided by the product of the vehicle weight and the mean aerodynamic

chord reaches a value of -0.077 for a 30-degree deflection angle.
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B4.1.5 Rolling Moment

Rolling moment about the vehicle center-line non-dimensionalized by weight times

span is shown in Figure 12B. The value reached 0.061 for a 30-degree deflection

angle.

B4.1.6 Yawing Moment

Yawing moment about the quarter chord of the MAC divided by weight times span is

presented in Figure 13B. This shows a value of 0.023 for a let deflection of 30 degrees.

B4.1 .7 Summary of Jet Angle Deflection Effect

The annlysis indicates that let angle deflection can produce significant changesof lift,

pitching moment, and rolling moment. The effect on tho In-plane forces X and Y is

very small and the yawing moment, which is derived from a combination of X and Y

forces, is also relatively small.

B4.2 THE EFFECTS OF VEHICLE HEIGHT (100% CUSHION SUPPORT)

The non-dimensional control forces and moments due to jet angle deflection are

estimated for a range of vehicle heights from zero to 45 feet. In this case, Instead of

varying the incremental let angle From zero to 30 degrees, only the value correspond-

ing to the 30-degree control deflection is estimated. It is seen from Figures 6B through

13B that each control force and moment ratio increases smoothly with let deflection

angle, so the value at any given angle can be taken as a measure of control effective-

ness. The results shown in Figures 14Band 15Bapplytoo situation whore, at each height,

the cushion and let support are together equal to the total vehicle weight. This type

of presentation gives control effectiveness Information for vehicles designed to "hover"

at the stated height.
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B4.2.1 Longitudinal Control Effectiveness

Information on the longitudinal control force and moment ratios is presented in Figure

14B.

Vertical Force - The non-dimensional vertical force Z/W due to the given let deflection

does not vary with height. This is a direct consequence of the Barratt theory, the 100%

support constraint, and the fact that the Initial let Inclination and the let pressure,

p., are being held constant as height varies. The constant support and constant p,

define a fixed value of pC/p I . This and the Barratt theory define a fixed value of

(t/d) (1 + Sin 0) and, since e is fixed, the jet thickness must increase with height, d.

So, under the constraints imposed, the same point on the Barratt p./p. curve applies

throughout the height range In Figures 14B and 15B. Thus the effect of varying let
deflection on the vertical cushion force is the same at all heights.

Pitching Moment - The non-dimensional pitching moment M/Wc is directly proportional

to Z/,W and likewise does not change with height whon the support level is constrained.

Forward Force - The non-dimensional forward force X/W due to the control deflection

increases with increasing height. To support the vehicle at large values of height with

a fixed initial let angle, the let reaction must increase. Thus, when the jot Is rotated

for control, a larger value of the in-plane X force results. The value falls to zero at

zero height because, under the stated constraints, a let of zero thickness (i.e. zero

reaction) can sustain the cushion pressure pc at zero height.

Loss of Lift Due to X Force - The non-dimensional loss of lift due to generating the X

force (i.e. ZX/W), reduces as height is increased. Since the X force Itself Is in-

creasing, the cross coupling between the in-plane and vertical force changes is re-

duced significantly as vehicle height Increases. At large values of height a smaller

proportion of the support is generated by the cushion since the jet reaction is greater.

So, the loss of cushion pressure due to jet rotation is less, and the adverse cross coupl-

ing is reduced.
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B4.2.2 Lateral Control Effectiveness

Information on the lateral control force and moment ratios is presented in Figure 15B.

Rolling Moment - The rolling moment ratio L/WB does not vary with the height under the

stated support constraints. It is directly proportioned to Z/W which was discussed in

Paragraph 64.2. 1.

Side Force - The variation of the non-dimensional side force Y/W with height is similar

to the variation of X/W discussed in Section 14.2.1.

Yawing Moment - The non-dimensional yawing moment N/WB varies with height like X/W

and Y/W because it is a linear function of those two in-plane non-dimensional forces.

Loss of Lift Due to Y Force - The non-dimensional loss of lift due to generating the Y

Force (i.e. ZY/W), varies like ZX/W which was discussed in Section B4.2.1.

B4.2.3 Summary of Vehicle Height Effect

This section of the analysis has shown that, for vehicles designed to hover at large

heights, the increased jet reactions lead to improved in-plane force and yawing

moments for a given peripheral jet control deflection. The vertical force control re-

mains the some and the adverse coupling between asymmetric jet control and vertical

force is reduced as height is increased.

B4.3 EFFECT OF HEIGHT (VARYII IG SUPPORT)

An analysis was performed to determine the control effectiveness of jet rotation over a

range of heights when the jet reaction levels remain constant. in this case, the varla-

tion of vehicle support with height follows th-m Barratt pc/p curve. So, the support

decreases as height above tl,.j ground is increased. The longitudinal and lateral forces

and moments due to a 30-degree incremental jet deflection are prgsented in Figure 16B

and 178. The vehicle support is 100% at a height of 5 feet. s
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It is seen that the vertical force ratio Z/W has a shape similar to the Borratt c/Pi

curve. As height is reduced the value increases because the percentage of cushion

support to the vehicle increases. Other curves which follow this form are the pitching

and rolling moments M/WC and L/WB. These are both directly proportioned to Z/W.

The cross coupling terms ZX/N and ZY/W also follow the Barratt shape because they

represent a loss of cushion lift which Increases as the percentage of total cushion

support Increases.

The in-plane forces X/W and Y/W together with the yawing moment N/WB all follow

a similar form as height is varied. Their shape is a consequence of factoring the 100%

support values of Figures14Band 15Bbythe varying percent support derived from the

Barratt curve. The significant fact is that these hi-plane forces and moments do not

change much with variation of height above tho height at which the support Is 100%

(in this case 5 feet).

B4.4 EFFECT OF INITIAL JET INCLINATION

This effect was explored by repeating the analysis for Initial jet angles of 20 and 40

degrees. The results are presented in Figures 18B through 25B.Comparison with the

corresponding data in Figures 14B through 17Blndicates that all the trends are similar

and no significant difference In jet deflection control effectiveness results in this

range of initial jet angles from 20 to 40 degrees.
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B5.0 CONCLUSIONS

This stability and control analysis of the effectiveness of peripheral let angle control

on a sponloader PJ-ACLS vehicle has indicated that:

1. Thu vertical force, rolling moment, and pitching moment due to jet

deflection arise mainly from the change of cushion pressure.

2. The forward force, sideforce, and yawlng-moments due to let deflection

arise mainly from the unbalanced in-plane jet reaction terms.

3. For realistic vehicle/cushion configurations, the let reaction terms

are small, and only small In-plane forces and yawing moments can

be generated by control of the let deflection angle.

4. For vehicles designed to 'hover' at large heights above the ground, the

increased let thrust leads to improved controllability from jet angle

variation.

5. A large loss of lift is caused by variation of the jet deflection angle to

generate in-plane forces and moments.

6. All forces and moments generated by varying the jet deflection angle are

proportional to the level of cushion support providod.

7. Due to all of the above conclusions it Is considered that, unless the

vehicle is designed to have a high level of ACLS support at a large

height above the ground, vehicle control by peripheral jet angle variation

should not be implemented.
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ASYMMETRIC PERIPHERAL JET EQUILIBRIUM

B6.0 UNCONSTRAINED CUSHION VEHICLE

For the tilted unconstrained single cushion vehicle shown in Figure 3B the equilibrium

equations are-

Vertical Force

W = pcSXSyCos + J' cos 0 - (86 - ] + J'RCOS ro +(60 - ) + 2 J'FCos e

if= J= j, Sx SR 2(Sx +y) = reaction of one side jet

=(j,+Sy )

J'F 2(x +Sy = reaction of one fwd or aft +et.

Then:

W = PcSxSycosO + J, Sx 2cosOcos(8 8 -i,) + Y S 2cosG
pCxycs+ 2(Sx +7 2() + SY)

For small values of 6 0 - 0, cos (68 - 0)- 1 giving:

W " pcSxSycos0 + J'cos (B. 1.)

Rolling Moment- Assuming a linear residual pressure gradient under the cushion:

( PR CL) ( )(SxS) JL Co[r- (60-0)] S - J, Cos[+0 )1 2

which becomes:

2 (SxL( ) 4(Sx + Sy) cos [e- (86- )1 -cos [e+(6- )1

This ,ives the pressure difference between the right and left cushion sides a:
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p p 6J1 
(B.2.)

CR cL Sy (Sx T Sy) sinl sn (80-0)

This small cushion pressure gradient balances the rolling moment due to the

asymmetric peripheral jets.

Side Force

P + P

Ymp d RSx - p cd LS x C2 SxSysin0 +iet reaction term

Now letpcR =PC +6 andpCL = pc-8 then:CRp C C P

y = P c (dr-d L )Sx .- Pp (dR + d L)Sx a.et reaction term

But d Ld =Sysin so: ,,

Y = 8p(dR + dL Sx + let reaction terms.

Now 8 )

dR +dL L2d

So,

y (PC- p) dSx + jet reaction terms.
R L

Substituting from equations (B.2) and defining the jet reaction terms gives.

6J'dSx Isinsin(8-0) + J' sin [e+(0-60)) -J'sin [0 - 8(0-8)] -2J'Sin,&
Sy(Sx + SR') s

which simplifies to:
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Y = •- Sxsin(.60- ) cs eI +3-.sin G- Sysin j (B.3)

D7.0 CONSTRAINED CUSHION VEHICLE

For the constrained single cushion vehicle shown in Figure 4B, the application of the

Barrett theory to the right and left jets gives:

.[I+sin(e -6e)=l [1 +sin (e +66)] -(1- ) [I -sin(e +6e)]

which leads to:

11 -.cose sin60 (B.4)

Also, the side force due to the differenc" in horizontal reaction between the

left and right jets is:

Y =J'Rsin(e +6) - J'Lsin(O - 6 e)

J 'Sx JSx 2cos 0• sin 69
2(Sx +Sy)

"or:

y ,=j , Sx c 5 5n 6(B ,5)J cos 0 sin 6 8
(Sx T Sy)

The change of vertical force caused by asymrhetrical let control is found by sub-

trocting the initial vertical forc. from the resulting vertical force. Also the initial

vertical force may be used as a non-dimensionalizing parameter.

The vertical force produced by asymmetrical jet variation is:

Z = PcSxSy + J'Rcos (e +68) + j'oo(e - 8 e) + 2J.'p cos e
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J ,Q'SxSy[1 +sn1-601 +J'Sx cos e cos8 + J'Sy cos(
Z = - bxy) x + Sy " (8.6)

Tho initial vertical force Is found by putting 8 0 = 0 which gives:

z + JCos 0 (8.7)I 2d(Sx+ Sy)(

Divldirdg B.5 by B.7 gives

i sx cos9 sin 6 e

S= e SxSy[I^ +sinq +JO coseZi J "2d(Sx + Sy)

which reduces to:

Y 111 (8.8)

Sx 'd cos B

Similarly, subtracting (B.7) from (B.6) and dividing the result by (B.7) gives:

SZ (cos 86e- 1) + [sin (0 - 6e)-)s(na9
_ 2c o x .•y1+,ne B,9)

"+ FI + 2d cos 6

Equations (B.fi) and (.3 .9) give the non,-diniensirnal side force and the non-

dimensional changje of vertical force due to asymmetric side let rotation. If the

fore and aft le9s are varied to produce an X force, the equatkons for the rectangular

peripheral let are similar to tho3e derived above with the terms Sx and Sy being

interchanged.

B8.0 MULTI-CUSHION EQUATIONS

Figure 5Bshows the geometry for the nth cushion situated on a straight swept wing.

The wing sweep angle is A and the cushion centrold Is situated relative to the mean
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aerodynamic quarter chord position as shown. Assuming geometric symmetry about
the vehicle centerline and assuming that the cushion edge jets are manipulated in the

most favorable combination, the overall forces and moments which can be generated

by peripheral jet angle control are:

Forward Force, X=2 [cosA X + *sin A Yn

n *
a Side Force, Y = 2 cos A Yn + *sin A Xn

n1 n=1

n
Vertical Force, ,AZ 2 ;2 Zn

Rolling Moment, L = 2 cos AX AZnYn +sin A AZnXn

Pitching Moment, M =2 A '%Al AZnXn - sin A AZnYn]

Yawing Moment, N =2 YnXn +' XnYn

*sign assumes most favorable control of edge jets.

For cushion segments of the same size and configurations:

n
n Xn nX

,• n

n Yn nY1S'n=1
n

Sn n =nA Z1in=1

127



Then':
n n

n AZnYn -Z, E Yn = nLZ 1 SY

n •ZnXn n4.lX1

n
YnXn =nY1X1

XnYn =nXnSy

Substituting back into the force and moment equations and non-dimenslionalizlng

gives:

Forward Force .1 2 .1  i
VeTile"Weit W 2n F os A + W On A

Side Force = 2n •2I cosA+X1 ilnA ]
Vehicle Weight W W W

Vertical Force 6Z AZI
Vehicle Weight0=71, 2n

Rolling Moment L IWn- 2n [ cos A )sin

WPigt ching= Moen 2n -W" Cos A - IS\c/ syin A•W x

Yawing Moment N '1 ( X y

Now the ratio of total cushion support over vehicle weight is:

EFc 2nZI
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where Zi is the initial support provided by one cushion element.

Using this term in the above non-dimensional equations gives:

X . EFcx- [ os A + ( sinA

NF =£:Cc Z ri x. A)

Sin

1 F. ThW cetg Y1 ushIon suprA•cW

&Z E.Fc FA z11

L Z~c7 [Fý)co A +(x )sin

Shec AZgSy b Svr WL()cos A- in A]

N Z!Fe [Yl xi S

This f InalI equation set expresses- the non-dimensional forces and moments In terms of:

1I The percentage cushion support, (E2Fc/W)

2. The vehicle geometry', b, 'C A.x, XISY

3. The single constrained cushion control force ratios derlived in Section B2.0.
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APPENDIX C

CUSHION AIR SUPPLY COMPONENT SIZING, PERFORMANCE, AND WEIGHTS

The determination of the fan requirements, and the system power and weight

requirements was accomplished as a part of the comprehensive PJ•-ACLS com-

puter program. The supply system calculatlions are based on the equations

defining the system component characteristics of'Figures 25 through 27.

The system component weights are functions of the required fan power, which

in turn is a function of the fan flow and pressure required for the periph-

eral jet. The following summarizes the steps defining the required fan

performance, and the system power and weight requirements.

(1) Fan Pressure, PF

FF
PF J ~I + EX /I + PEX\

where:

PF Pressure rise across fan, PSF

P = Peripheral jet total pressure, relative to ambient,

obtained from Appendix A, PSF

P, Fan inlet pressure loss, PSF

PEX Fan exhaust pressure loss, PSF

Estimating, for a typical installation as shown in Figure 25:
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P /Pi M .051

P /Pj - .071
EXJ

then.:

PF I + .051 + .071 pJ"tn (j 1.122 Pj

(2) Fan Flow, QF

Sf (P 5368 (PF

where:

QF Fan flow capacity per fan, at design point, CYM

(3) Number of Fans Required, NO. FAN

Qj) TOT 120 Qj
NO. FAN - QF

where:

NO. FAN - Number of fans required per aircraft

QJ) TOT - Total Jet airflow required per aircraft, CFM

QJ - Jet airflow required per semispan, obtained from

Appendix A, CFS!I
(4) Fan Power Requirements, BHP)F

BHP) " f (P (F)3/2 ] . 0.209 (PF)3/2
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where:

BHP)F - Brake horsepower required per fan

(5) Turboshaft Engine Power Requirements, SHP/ENG.

SHP/ENG - (NO. FANS) (BHP)F (% OversizeTS/100)
(NO. TS) (VGB/1 0 0 ) ( I -AlS/loo)

where:

NO. TS - Total number of turboshaft engines per aircraft 8

O OversizeTS - Percent engine oversize to provide engine-out

capability

•GB - Gearbox efficiency, %

A TS - Percent loss in engine power due to engine inlet and

exhaust penalties

To provide engine-out capability, each engine is oversized to handle

twice the required design load. Assuming an engine emergency power

capability of 110% of engine rating, the required engine rating is

2/1.1 - 1.82 or 182% of the required design load.

also assuming:

7GB M 98% &

AqTS = 5%
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I

then :

thn:(NO. FANS) (BHP)( (1.82)

SHP/ENG - (8) (.98) (.95) (0.244) (NO. PAN) (BHPF)

(6) Total Fan Weight, WTFAN4

WTFAN = (NO. FAN) (WFAN)

where:

WTFAN - Total fan weight per aircraft

WFAN - Fan weight per fan

- f(PF, QF) (PF), for a given fan size

- 1.38 PF

(7) Total Turboshaft Engine Weight, WTTS

WTTS " (NO. TS) (WTS)

where:

WTTS 0 Total turboshaft engine weight per aircraft

WTS 0 Turbositaft engine weight per engine

- f(SHP/ENG) - 0.11675 (S'HP/ENG)

NO. TS = Total number of turboshaft engines per aircraft = 8

hence:

WTTS - (8) (.11675) (SHP/ENG) - 0.934 (SHP/ENG)
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(8) Total Gearbox Weight, WTGB

WTGB = (NO. GB) (WGB)

where:

WTGB - Total gearbox weight per aircraft

NO. GB - Total number of gearboxes per aircraft - 8'

WGB - Gearbox weight per gearbox

=f (GR, SHP/ENG) = (.00588 GR + .01) (SHP•ENG)

el - Gearbox gear ratio

- NTS/NF

NTS - Turboshaft speed, RPM

.SP. SHP 2
- f(SUP/ENG) = 24009 - 1.433 (H) + .00003254

NF - Fan Speed, RPM

- f [(P)4] " (221) (P,)4

(9) Total Uninstalled Air Supply System Weight, WT AIRU

WTAIRU - WTFVA + 'WTTS + WTGB

where:

WT AIRU - Total uninstalled air supply system weight wer aitcraft

WTFAN - Total fan weight per aircraft from step (6)

WTTS - Total turboshaft engine weight per .Arcraft from •ta p (I)

WTGH - Total gearbox weight per airceaft frow step (8)
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(10) Total Installed Air Supply System Weight, WT AIRI

Assuming the weight required to install the air supply system is

approximately 25% of uninstalled weight:

WT AIRI - 1.25 WT AIRU

(10) Cushion Fuel Weight, W FUEL

WFUL (sFC) (SHPI/ENG) (NO. TS) (At)

(% OversizeTS /100)

where:

WFUEL - Total fuel weight, per aircraft, per mission,

as required to power turboshaft engines

SvC M Specific fuel consumption of turboshaft

engines - 0.32

NO. TS Total number of turboshaft engines - 8

At - Total time of cushion operation per aircraft

mission

% OversizeTS - Percent engine eversize to provide engine-out

capability- 182% (from step (5))

assuminw.

A•t - .45 hour 27 min.
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then:

(0.32) (8) (.45) (SHP/ENG) k 0.64• (SHP/ENG)
WFUEL ( 1.82

As explained previously, the fan dimensions, shown on Figure 25 , are based

on the maximum fan size which can be accommodated by the available installa-'

tion space. The fan inlet flow geometry, and the minimum fan spacing, shown

on Figure 7, were selected primarily on the basis of compatibility with

acceptable inlet losses and flow characteristics at the fan inlet. A

minimum fan spacing of 2 feet assures a fan inlet approach-flow area approxi-

mately equal to or greater than the fan inlet area. With respect to turbo-

shaft engine size, the required dimensions for the selected baseline systems,

are determined from Figure 26.

SYSTEM CONSTRAINTS

The feasible PJ-ACLS design envelope may be constrained by fan speed limit,

and/or by the maximum space available for fan installation.

Fan Speed Limit - The maximum available fan pressure, and in turn the maximum

available peripheral jet pressure, is dictated by the fan speed limit. For a

given cushion and jet geometry:

PJ) required - f(Lift Required)

Max Lift Available - f [(P,)max. available]
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f (P F) max. available

f (Fan Speed Limit)

Therefore, the maximum lift available from the cushion is constrained by the

requirement that:

PJ) required PJ) max. available

f(Fan Speed Limit)

For a centrifugal fan, the fan speed is limited primarily by structural consid-

erations and depends on fan and installation design. For the purposes of this

study, it is assumed that the limiting parameter is fan tip speed and that:

Fan Tip Speed Limit 800 ft/sec

The results of the present study, Figure 32, shows the optimum cushion to lie

well within this fan speed limit.

Pan Space Limit - The number of fans required to provide the required jet flow

must not exceed the number of fans which can be fitted into the available

installation space. Based on the fan installatioi as previously described and
as shown on Figure IC, the number of fans possible is limited by the spanwise

(cushion lengthwise) space available per cushion segment. Referring to

Figure 1C, the maximum number of fans possible is therefore defined as

follows:

137



add

ILI -C

Ln

I~ I 0 U.

L138



LIMIT/Aircraft (4) (LIMIT/Seg) + 8

LIMT/Seg - / (APFI

" i/[(�)+ (A)FSPACE]

whave:

LIMIT/Aircraft - Maximum number of tans possible per aircraft

LIMIT/SeE - Maximum number of fans possible per cushion

segment

W- Cushion length (or segment length)

- Spann.'se space required per fan installation

"W A&F + 6IFSPACE

- Fan width - 5 ft.

"FSPACE W Minimum spacing required between fans u 2 ft.

therefore:

LIMIT/Aircraft (4)(5) + 8 (4)

To ascertain adequate available space for fan installation, this space-limited

number of fans must be equal to or greater than the number of fans required as

calculated iu Step (3) above. Referring to Figure 2C, it is seen tVat the

fan space limit constrains the selected baseline -40 inch configuration to a

total aircraft weight greater than what would otherwise be the mi,,imum.
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BASELINE - 40 INCHES

I=20% SEMISPAN GW - 1,498,000 LB

LIFT/CUSHION 7.5% GW w - 27.5 FT

-11 2
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Figure 2C. Delta Aircrof't Weight vs Jet Thickness & Angle
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It should be pointed out that by selecting excess pressure fans, the number

of fans required can be reduced to the limit number; but only at a net increase

in total aircraft weight. By selecting fans with higher pressure capability

than would be necessary to provide the required jet pressure when assuming a

7.1 percent fan exhaust pressure loss per Step (1) above, the flow pump-

ing capacity per fan would be increased, thereby reducing the total number of

fans required. In this case the correct jet pressure could be provided by

designing increased losses into the fan exhaust system. This approach would

allow the cushion jet to then be sized at the jet thickness for minimum air-

craft weight (see Figure 2C0. Analyses show, however, that the weight decre-

ment produced by optimizing jet thickness is much less than the increase in

weight required due to the higher power, less efficient fan installation.

For example, for the baseline -40 inches configuration of Figure 29, at 60

degrees 9, the weight decrement which would be realized by increasing the jet

thickness from the 4-inch space limited thickness, to the approximate 8-inch

thickness at the minimum weight point, is only about 1500 pounds; while, the

total increase in installed air supply system and fuel weight required to

reduce the number of fans to the space-limited number, with the 8-inch thick-

ness. jet, is approximately 58,500 pounds. Thus this design approach would

result in a net increase in aircraft weight of approximately 57,000 pounds.

as related to the selected baseline.-40 inch configuration, Tie selected

configuration therefore remains the minimum weight design.
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